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Numerical study of the intrinsic and feedback dynamics of a
gas-solid fluidized bed
F. Bonniol, C. Sierra, H. Bournot, R. Occelli, L. Tadrist
Laboratoire de l’IUSTI, Polytech’ Marseille – DME
5, rue Enrico Fermi, 13453 Marseille Cedex 13
ABSTRACT
The aim of this paper is to understand the complex spatio-temporal patterning of the
dense bed when the inlet conditions can be modified by the bed itself. In this study,
the inlet conditions (fluid pressure and velocity upstream the bed) take into account
resistive effects from the distributor and capacitive ones from the air-supply system
(plenum). The present work addresses particularly the issue of the transition
between multiple and single bubble regimes that occurs for some particular inlet
conditions.
INTRODUCTION
Nowadays the industrial fluidized bed reactors have low pressure-drop air distributor
to reduce the cost of blower power: consequently the air supply system (especially
the plenum) has an important relation with the movements of the bed. The influence
of boundary conditions is a rather new issue in the literature where most of the time
numerical simulations assume that the superficial velocity is constant. However it
has been shown that this assumption is not always relevant. In Johnsson et al. (1)
the pressure drop across the air distributor modifies the bed dynamics and in Kage
et al (2), Borodulya et al. (3), Baird and Klein (4) the volume of the plenum appears
important also. The variations of these two parameters can induce two particular
kinds of behaviour described in Johnsson et al. (1): the single bubble regime and the
multiple bubbles regime. When the pressure drop of the air distributor is low enough
the bed is in the single bubble regime characterized by the eruption of a unique large
bubble at a very definite frequency. In this case the pressure fluctuations are directly
transmitted to the plenum without attenuation: this is the “coupled case”. On the
other hand, for very high pressure drop distributors the bed is in the multiple bubbles
regime characterized by a large-band fluctuation spectrum and no interaction with
the plenum (“uncoupled case”). To describe these behaviors, the numerical
simulation can play an important role. The Eulerian approach to describe both the
particles and the gas phase is the most developed (Peirano et al. (5), Sasic et al. (6))
but with the increase of computational capacity, Eulerian-Lagrangian simulations
(Helland et al. (7), Hoomans et al. (8)) gain interest because of their ability to
describe micro-scale mechanism.
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It is based on the work of Helland et al. (7). In the simulations, the EulerianLagrangian approach computes the Navier-Stokes equations for the gas phase (we
used finite volume resolution with the SIMPLE algorithm) and the Newtonian
equations of motion for the particles. For the gas phase we only look at the mass
and momentum equation of conservation:
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For the solid phase, for each individual particle, an equation of motion is solved:
G
dv
G G
mi i = mi g + Fdrag
dt
The first term is due to gravity and the second to drag between the gas and solid
phases. The pressure gradient force, the buoyancy force and the unsteady force
have been neglected due to the high solids to gas density ratio. The slip/rotation or
Magnus lift force and the slip/shear or Saffman lift force have also been neglected
due to the small particle diameter. The drag force follows the equation:
G
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The drag coefficient Cd on a single sphere is given by Schiller and Naumann (8):
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f(ε) (Helland et al. (7)) is a porosity function that take into account the presence of
other particles on the drag force. The collisional model used in the simulations is the
one proposed by Walton (10) based on three constant coefficients.
Fluid inlet boundary conditions
The interaction between the bed and the boundary conditions explained in Sierra
(11) is characterized by a coupling relation, in which each device (plenum and
distributor) acts in a different way. The distributor is a singularity that creates a
pressure drop; its effect is characterized by a dissipation coefficient ξ d that depends
of the geometry of the distributor and the Reynolds number: ∆ Pd = (1 / 2 ) ρ g ξ d u d2 .
The plenum is a simple cavity usually used to favour a uniform injection of the flow,
that acts as a compressible volume in response to the variation of pressure at the
bottom of the bed. In this model, each parameter (pressure at the bottom of the bed,
in the plenum and inlet velocity) is split into a stationary and a fluctuating part:

p p ,b (t ) = p p ,b + ~
p p ,b (t )
u (t ) = u + u~ (t )
d

d

d

From continuity of the pressure field along the system and the fluid mass
conservation, the pressure coupling between the bed and the plenum is given by a
first order differential equation:
γp p Σ
d~
pp
Cp
Cp
~
~
pp =
+
p b with C p =
Ω
dt
ρ gξ d ud
ρ gξ d ud
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pressure imposed to the bed: pb (t ) . This form is equivalent to a low-pass filter with

ω c = C p / ρ g ξ d u d the cut-off pulsation. The above equation written for the inlet
velocity gives:
d u~ d
pb
− 1 d~
+ ω c u~ d =
dt
ρ g ξ d u d dt
This is the relation we compute for the inlet boundary condition of the flow.
When we look at this equation, we see that when Ω → 0, ωc → ∞ and as

d~
pb / dt is finite so u~d → 0: the flow velocity is imposed. And when Ω is large, ωc

diminishes: the plenum cannot follow the dynamics the bed tries to impose because
of its natural frequency. Between these two situations, there is a zone where the
boundary conditions have a large influence on the dynamics of the bed: there is a
volume of the plenum where the coupling is the most important (see e.g. Baird and
Klein (4)).
Data of the simulation
For the computation the parameters are summarized in table 1.
Table 1: Operating conditions used in simulation
Inlet superficial gas velocity
Particle diameter
Density
Laminar gas viscosity
Minimum fluidization velocity
Fluid time step
Number of particles
Riser height x width
Number of computational cells for the
gas flow (Nx x Ny)

0.2 m/s
300 µm
3000 kg/m3
1.8x10-5 kg/m/s
0.1 m/s
10-5 s
200
0.03x0.003 m
16x45

The simulations are done for the coupled case with ξd = 350 and Σ / Ω = 0.2 . For
the uncoupled case the inlet velocity is imposed at the bottom of the bed.
Initial and boundary conditions:
- Simulations are two dimensional.
- Each simulation starts with the particles randomly dispersed in the computational
domain with a nil slip velocity.
- On the lateral faces symmetrical conditions are used for both gas and particles.
- The air inlet is modelled as one dimensional uniform flow.
- The outlet is located at the top of the riser where an outflow condition is used for
the gas phase.
Simulation difficulties
During the development of the simulations there were many problems. The
simulation of a time variable fluid inlet condition implies precautions because the
Published by ECI Digital Archives, 2007
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a sub-loop to achieve both convergence of the inlet fluid velocity and particle position
and velocity. Any sudden change of the inlet flow-rate is taken into account smoothly
using an iterative relaxation scheme. If these particular precautions are not observed
the drag force calculation over the particles strongly diverges and the calculus stops.
We also took particular cautions for the choice of the time step: it has to be small
enough to solve the particle dynamics but not to much to insure the convergence of
the gas flow calculation.
RESULTS AND DISCUSSION
Figure1 shows that, in the coupled case the bed is at first in a compact configuration,
a bubble appears and goes through the bed until the bed come back to the compact
configuration and then a new cycle begins. On the other hand, in the uncoupled
case, the bed never reaches such a compact state and many bubbles are present in
the bed at the same time.

(a)

(b)

Figure 1: Image sequence of particle positions in the column in the coupled (a) and
uncoupled (b) case (2,1x10-2s between frames)
Time and frequency domain analysis
The pressure and velocity signals at the bottom of the bed can be used to
characterize fluidization. For the simulation we impose the outlet pressure above the
bed (atmospheric pressure) and we calculate the pressure at the bottom of the bed.
The results of the numerical simulation are evaluated over a period of 8s. The signal
of pressure with and without coupling is shown in figure 2. The corresponding
spectra are shown in figure 3.
In the uncoupled case (high pressure drop), there is a generation of small bubbles
distributed in the bed and the FFT shows that the signal is characterized by a broad
band spectrum around the principal frequency of the bed (the dominant frequency
http://dc.engconfintl.org/fluidization_xii/79
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similar to the observations made by Svensson et al. (1). In the coupled case (low
pressure drop and a matched resonant volume of the plenum) the main frequency is
smaller (7.5 Hz), the amplitude of the fluctuations is larger and the width of the
spectrum diminishes: the bed generates large bubbles that emerge in a very regular
way: this is the single bubble regime. The bubble eruption frequency is not controlled
anymore by the bed intrinsic dynamics: the bed interacts with the distributor and the
plenum and consequently modifies its behavior characterized by a lower frequency.
This frequency matches fairly well the simple mass-spring model from Davidson (13)
given by f d = (γ Pp Σ / ρ sφ cp hcp Ω)1 / 2 / 2π = 8.1 Hz. The same kinds of results were

Instantaneous bed pressure drop (Pa)

Instantaneous bed pressure drop (Pa)

found in the experiments of Svensson et al. (1) and Kage et al. (2). The pressure
signal amplitude also increases. Because of the interaction of the bed and the
plenum there is a modification of the inlet velocity of the fluid which is not constant
anymore (at 0.2 m/s in this case): the bed totally controls the fluid flow and induces
such volumic flow rate variations that the velocity can drop down to the minimum
fluidization during an oscillation cycle (cf. figure 4).
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Figure 2: Instantaneous bed pressure drop fluctuations in the coupled (a) and
uncoupled (b) case
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Figure 3: Fast Fourier Transform (FFT) of the pressure signal in the coupled (a) and
uncoupled (b) case
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Inlet velocity of the flow
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Figure 4: Variations of the inlet velocity
of the flow at the bottom of the bed in
the coupled and uncoupled case
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Spatial analysis
To further illustrate the mutual feedback between the fluid flow and the grain
dynamics, figure 5 shows the variations of the bed height for both coupled and
uncoupled cases. As expected for the coupled case the motion of the free surface
shows a much more regular and large amplitude dynamics.
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Figure 5: Variations of the bed height in the coupled (a) and uncoupled (b) case
Together with figure 4, we see that the minimum inlet velocity is in phase with the
bed height. The drop down of the inlet velocity under the minimum fluidization
velocity enhances the recompaction process thus promoting a violent bubble
eruption that projects particles upward up to two times the static bed height. For the
uncoupled case the bed height variations are less pronounced due to irregular
eruptions of smaller bubbles.
From a micro-scale point of view, the individual motion of the particles is also very
different. Figure 6 and 7 show a polar diagram of the orientation of the particles
velocity vector for both coupled and uncoupled case. Each point corresponds to the
number of particles for which the orientation is the same within a defined angle
range (15°) at a given time. Each sub-figure (1), (2) and (3) represents the angularnumber velocity distribution at three different times of a typical oscillation cycle
(identified in figure 5). For the most compacted state, the coupled case (fig. 6-1)
http://dc.engconfintl.org/fluidization_xii/79
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keep a slight random motion1. During the upward acceleration phase (fig. 6-2) and
(fig. 7-2), for the coupled case around 80% of the particles are moving together
whereas only 40% are doing so for the uncoupled case. This again characterizes, for
the coupled case, the burst of a unique bubble that entrains almost all the particles
at the same time. Exactly the same tendency is observed when the particles fall
back on the distributor (figs. 6-3 and 7-3).
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Figure 6: Polar diagram of the velocity of the particles in the coupled case

(1)
(2)
(3)
Figure 7: Polar diagram of the velocity of the particles in the uncoupled case
It is important to note that a weak point of these simulations comes from the size of
the systems. The confinment interfere with a more detailed comparison of the two
regimes. Large scale simulations are clearly required to improve our micro-scale
understanding of both regimes.
CONCLUSION
The influence of the fluid inlet conditions has been studied by means of a coupling
relation that takes into account the effects of a distributor and a plenum. The
numerical Eulerian-Lagrangian simulations were able to reproduce the experimental
behaviors on both qualitative and even quantitative grounds (for the temporal
dynamics). We were able to identify the multiple and single bubble regimes with their
own spatial and temporal characteristics. As a perspective to this work, we plan to
use this numerical approach on large scale simulations in order to refine the analysis
of the involved local and global scale phenomena. Ongoing work is also currently
done to take into account the spatial effect of the distributor for non-uniform fluid inlet
profiles.
1
ItPublished
is noteworthy
for these
two2007
graphs, the velocity orientation is mostly vertical. This is an artefact induced7 by
by ECIthat
Digital
Archives,
the lateral confinement of the particles.
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∆Pd: pressure drop of the distributor (Pa) g: gravity acceleration (m2/s)
γ: adiabatic index (1.4 for air)
ε: porosity (-)
pp: pressure in the plenum (Pa)
Cd : drag coefficient (-)
G
3
ρg: gas density (kg/m )
F drag : drag force (N)
G
3
ud: fluid superficial velocity (m/s)
f drag : volumic drag force (N/m )
µg: laminar gas viscosity (kg/m/s)
τ g : gas stress tensor (Pa)

hcp: close packing bed height (m)
Np: number of particles (-)

dp : particle diameter (m)
Rep : particle Reynolds number (-)

G
v

pb: pressure at the bottom of the bed
(Pa)

G
u :gas velocity (m/s)
i

: particle velocity (m/s)

ρ s : particle density (kg/m3)

: pressure drop coefficient of the
distributor (-)
Σ: section of the column (m2)
fb : frequency given by Baskakov (Hz)

f d : frequency given by Davidson (Hz)

φ cp : close packing compacity (-)

Ω: plenum volume (m3)

ξ

d
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